sufficient to prevent an increase in core temperature (CT) during hemodialysis (HD) or whether a mild decline in CT would yield superior results. The aim of this study was to compare both approaches with regard to IDH.
D espite technical improvements in dialysis therapy, intradialytic hypotension (IDH) remains common (1).
IDH may not only yield discomfort for the patient, but is related to increased mortality (1, 2) .
The pathogenetic factors leading to symptomatic hypotension are complex, but three main factors are involved. The first is the decline in blood volume, which is resultant of the balance between ultrafiltration and refilling from the interstitial compartment. Second, cardiac factors such as left ventricular hypertrophy, systolic and diastolic dysfunction, and dilated cardiomyopathy may play an important role. The third factor contributing to IDH is an inadequate vascular response of both arterial and venous circulation during a decline in blood volume (3) .
Various mechanisms have been implicated in the pathogenesis of the impaired vascular response during hemodialysis (HD) (4) . However, there are strong indications that this phenomenon is mainly related to thermal factors (5) (6) (7) . Others and we have observed that the core temperature (CT) increased during standard (37 to 37.5°C) dialysis (8, 9 ) despite net energy loss from the patient to the extracorporeal system. The increase in internal heat production might very well be responsible for the impaired vascular response during HD, because this thermal response (leading to dilation of thermoregulatory vessels) will offset the vasoconstrictive response to hypovolemia (3, 5, 7) . The fact that all differences in vascular reactivity between isolated ultrafiltration and HD disappear when both treatments are matched for the same extracorporeal heat flux is a strong argument for the overwhelming role of heat balance in the control of vascular reactivity during dialysis, although in individual patients other factors such as diabetes might also be involved (7) . Both arbitrary reduction in dialysate temperature (T d ) and prescription of isothermic dialysis, during which the CT of the patient is held stable, improves hemodynamic stability during dialysis (5-7,10 -14) . In contrast to isothermic dialysis, CT may decrease during dialysis with a T d of 35 to 35.5°C (8, 11) , which may result in unpleasant effects such as shivering. However, it is not known whether a purposive slight lowering of CT has additional beneficial effects on hemodynamic stability compared with maintenance of CT during HD, possibly because of a further increase in sympathetic activity (15) . In critically ill patients, mild lowering of CT by continuous veno-venous hemofiltration led to an increase in mean arterial pressure (16) . However, this issue has not been addressed in chronic dialysis patients. The primary aim of this study was to test the hypothesis that a lowering of CT during cool dialysis will have additional hemodynamic benefits when compared with isothermic dialysis (i.e., maintenance of CT).
Materials and Methods

Study Design
Patients were studied during three consecutive mid-week dialysis sessions using a crossover design, each patient serving as his/her own control. Sessions were performed in random order. During the different treatment sessions, arterial temperature (T art ) was set to decrease by 0.5°C ("cooling"), or to remain unchanged at the individual patient's baseline level ("isothermic"), respectively [Fresenius Blood Temperature Monitor (BTM) Fresenius Medical Care®, Bad Homburg, Germany]. "Thermoneutral" dialysis (during which no energy is added to or removed from the patient) was used as a control modality (13) . Treatments only differed with regard to the thermal prescription, in that ultrafiltration volume and hours of dialysis were the same.
Subjects
Seventeen patients, out of a population of 142 patients, on chronic HD treatment, who had experienced a drop in SBP of more than 25 mmHg in at least 75% of dialysis sessions in the preceding 6 mo were included. Other inclusion criteria were ages Ͼ18 yr but Ͻ85 yr, and the ability to read and understand English. Because not all of the patients who fulfilled this criteria were eligible for inclusion in the study because of exclusion criteria, and not all of the eligible patients were interested in participation, we ended up with these 17 patients. An exclusion criterion was a central venous catheter as vascular access for HD. All patients gave informed consent to participate in this study, which was approved by the Beth Israel Medical Center Institutional Review Board (New York). 
Dialysis Prescription
Thermal Prescription and Assessment
Arterial (T art ) and venous (T ven ) blood line temperatures and energy transfer between the extracorporeal circuit and the patient were noninvasively monitored using the BTM device, as described previously (7, 13) , at 60-s intervals (7, 8, 17, 18) . During isothermic, the change in patient temperature was set to zero. During cooling, the change in patient temperature was set to reach a decline in CT of 0.5°C versus the baseline temperature. During thermoneutral, the energy flow rate was set at 0 kJ/h, which means that no energy is fed to or withdrawn from the patient via the extracorporeal circuit.
Because the upright position may lead to heat accumulation all measurements were made in the supine position (19) . Because eating and drinking may have an effect on thermogenesis, patients did not eat or drink during the study. Humidity in the room was approximately 60% and ambient temperature approximately 23°C.
Skin Temperature
Skin temperature (ST) was measured by a Hewlett Packard device (HP 78204C; Boeblingen, Germany) with a monitoring range of 15 to 45°C, a resolution of 0.1°C, and an accuracy of 0.2°C (0.1°C instrument, 0.1°C temperature probe). Two, unheated, attachable surface temperature probes (HP 21059A) were placed on the skin but not on a blood vessel of the arm contralateral to the vascular access. Measurements were made for 15 min before and at the end of dialysis.
Hemodynamic Measurements
BP and heart rate were measured every 10 min noninvasively with an oscillometric BP monitor. Also BP and heart rate were measured when patients experienced symptoms. Of these measurements for BP, the lowest value was used. Changes in relative blood volume (RBV) were monitored continuously and noninvasively with the Fresenius blood volume monitor (Fresenius Medical Care®, Bad Homburg, Germany), which measures changes in RBV by measuring ultrasonic changes on total protein concentration (20) .
Central Blood Volume
Central blood volume (CBV), cardiac output, and systemic vascular resistance were measured by Transonic HD02 HD monitor (Transonic Systems, Ithaca, New York), as described previously (21) . Measurements were performed at the start, in the middle, and at the end of the dialysis session.
Heart Rate Variability
Spectral analyses of heart rate variability (e.g., heart rate fluctuations around mean heart rate or beat-to-beat changes in heart rate) were performed (22, 23) . Using this method, the degree of variability and frequency-specific oscillations can be defined. The basis of this method has been described in detail elsewhere (23) . For each study, continuous heart rate recordings (KCI Technology, Sewell, New Jersey) during HD were acquired digitally and analyzed in a blinded manner. Unsuitable heart rate tracings were edited and segments of normal sinus rhythm were used for fast Fourier transformation to derive: Low-frequency (LF) harmonic (0.05 to 0.15 Hz) and high-frequency (HF) harmonic (0.15 to 0.5 Hz) contributions to spectral power of heart rate. LF/LF ϩ HF, HF/HF ϩ LF and LF/HF were used to estimate sympathetic and vagal modulation of heart rate and their ratio, respectively.
Statistical and Power Analyses
The primary outcome parameter, according to the definition for IDH proposed by Santoro et al., was the differences in SBP between the treatments (24) . Assuming a SD of 23 mmHg for the lowest SBP, 12 patients would be needed to show a difference of 20 mmHg between two different treatments with a ␣ of 0.05 and a power of 0.8. To account for dropout and the comparison of three different treatments, 15 patients were recruited. For comparisons of normally distributed values between different treatments were analyzed by repeated measurements ANOVA. Nonparametric testing (Kruskal-Wallis, Mann-Whitney, and Wilcoxon, where appropriate) was performed in parameters without normal distribution. (SPSS version 12.0.1: SPSS, Inc., Chicago, Illinois). P Ͻ 0.05 was considered to be significant. Data are expressed as mean Ϯ SD.
Results
Seventeen patients gave in first instance informed consent for participating in the study. In one patient, the BTM was not functioning adequately, yielding incomplete data for analysis. Two patients withdrew their informed consent. Finally, 14 patients (eight men; mean age 60.9 Ϯ 10.4 yr; mean time on dialysis 227 Ϯ 42 mo) completed the study. Mean dialysis time was 232 Ϯ 37 min. Mean ultrafiltration volume in these patients was 3216 Ϯ 1177 ml during isothermic, 3442 Ϯ 1163 ml during cooling, and 3171 Ϯ 1163 ml during thermoneutral (P ϭ NS between treatments). Mean ultrafiltration rate was 843 Ϯ 315 ml during isothermic, 891 Ϯ 332 ml during cooling, and 820 Ϯ 297 ml during thermoneutral (P ϭ NS between treatments).
Thermal Effects
Predialytic CT was 36.5 Ϯ 0.3°C before isothermic, 36.4 Ϯ 0.4°C before cooling, and 36.4 Ϯ 0.3°C before thermoneutral. CT remained stable during isothermic (0.0 Ϯ 0.1°C), decreased during cooling (Ϫ0.3 Ϯ 0.1°C), and increased during thermoneutral (0.3 Ϯ 0.3°C; P Ͻ 0.001 between treatments).
Predialytic ST was 31.2 Ϯ 1.0°C before isothermic, 31.4 Ϯ 1.2°C before cooling, and 31.3 Ϯ 0.9°C before thermoneutral. ST decreased significantly during isothermic (Ϫ1.1 Ϯ 1.3°C; P Ͻ 0.05), and cooling (Ϫ1.9 Ϯ 1.4°C; P Ͻ 0.05), but not significantly during thermoneutral (Ϫ0.5 Ϯ 1.5°C; P ϭ NS). The change in ST was significant between cooling and thermoneutral (P Ͻ 0.05), but not between any other combination of treatments.
Accumulated energy removal from extracorporeal circuit to the patient during the entire treatment was Ϫ142 Ϯ 119 kJ during isothermic, Ϫ300 Ϯ 130 kJ during cooling, and 5 Ϯ 21 kJ during thermoneutral (P Ͻ 0.001 between treatments; Figure 1 ). Mean thermal energy flow rate was Ϫ10 Ϯ 8 W (Ϫ20 Ϯ 53 kJ/h) during isothermic, Ϫ21 Ϯ 8 W (Ϫ59 Ϯ 33 kJ/h) during cooling, and 4 Ϯ 4 W (23 Ϯ 34 kJ/h) during thermoneutral (P Ͻ 0.001 between treatments).
The duration of dialysis treatment was significantly related to accumulated energy removal during cooling (r ϭ Ϫ0.57; P Ͻ 0.001), but not to energy flow rate and changes in CT.
Hemodynamic Effects
As shown in Table 1 , predialytic SBP levels were not significantly different between isothermic, cooling, and thermoneutral (151 Ϯ 28, 159 Ϯ 35 and 151 Ϯ 27 mmHg, respectively). The same held true for postdialytic SBP (120 Ϯ 33, 127 Ϯ 39, and 122 Ϯ 28 mmHg; P ϭ NS). However, during the treatment, lower nadir SBP levels were recorded during isothermic (98 Ϯ 27 mmHg; P ϭ 0.025) and thermoneutral (104 Ϯ 27mmHg; P ϭ 0.082), as compared with cooling (113 Ϯ 30 mmHg; P Ͻ 0.05 between treatments) (Figure 2) . The time to develop the lowest SBP was longer with cooling (188 Ϯ 56 min; after 81 Ϯ 23% of treatment time) as compared with isothermic (167 Ϯ 68 min; after 72 Ϯ 23% of treatment time) and thermoneutral (154 Ϯ 53 min; after 66 Ϯ 22% of treatment time). However, this was not significantly different between either one of the treatments.
Pre-and postdialytic diastolic BP were not significantly different between treatments (Table 1) .
Predialytic values for CBV were not significantly different between the different treatments. CBV declined during all dialysis sessions; however, CBV measured in the middle of the dialysis session tended to be higher during cooling (0.97 Ϯ 0.30 L), compared with isothermic (0.91 Ϯ 0.28 L) and thermoneutral (0.86 Ϯ 0.21 L; P ϭ 0.06) After dialysis, differences in CBV between cooling (0.91 Ϯ 0.30 L), isothermic (0.88 Ϯ 0.30 L), and thermoneutral treatments (0.83 Ϯ 0.21 L) were NS (P ϭ 0.09). The lowest RBV between cooling (87 Ϯ 7%), isothermic (89 Ϯ 7%), and thermoneutral treatments (89 Ϯ 7%) were also NS. The same holds true for cardiac output between the different treatments (Table 1) .
No relation was observed between predialytic CT and hemodynamic changes during the different treatments in this study.
Heart Rate Variability
As shown in Table 1 , the change in LF/HF ratio between the treatment modalities was NS.
Side Effects
The number of hypotensive episodes with symptoms (cramps) were three with isothermic, three with thermoneutral, and one with cooling. During these episodes the ultrafiltration rate was slowed and saline was given (two patients isothermic, in total 500 ml saline; two patients thermoneutral, in total 500 ml saline), ultrafiltration rate was stopped, and saline was given (one patient isothermic, in total 150 ml saline; one patient thermoneutral, in total 150 ml saline), or ultrafiltration rate was only slowed (one patient cooling).
Three patients complained of shivering during cooling, which was significantly higher as compared with isothermic and thermoneutral. Three patients complained of feeling warm during thermoneutral.
Discussion
This randomized crossover study compared the effect of three different thermal prescriptions on the hemodynamic response during dialysis. The major finding of the study is the lower nadir SBP during isothermic, during which CT was maintained stable, and thermoneutral, during which no energy was removed or added from the extracorporeal circuit to the patient, as compared with cooling, in which a decrease in CT of 0.5°C was aimed at.
Previous studies have shown an increase in CT during thermoneutral treatments, whereas significant thermal energy had to be removed during isothermic (7, 9, 13) . These earlier findings were confirmed in this study: CT increased by 0.3°C during the thermoneutral treatment, whereas a mean of 142 kJ had to be removed by the extracorporeal circuit to maintain CT unchanged during isothermic. The mechanism behind the internal heat accumulation during HD has still not been completely elucidated. It was initially suggested that cutaneous vasoconstriction in response to the decline in blood volume would impair heat transfer from the body core and the skin and thus result in a reduction in heat exchange between the patient and the environment ("skin insulation") (17, 25) . The resulting increase in CT would then eventually evoke a reflex cutaneous vasodilation, resulting in a sudden decline in BP. However, in a recent controlled study, differences in the thermal response were not observed between dialysis treatments with or without concomitant ultrafiltration, which would appear to contradict the former hypothesis (18) . Various studies have shown vasodilation in the forearm or skin blood vessels during "standard" dialysis sessions with T d of 37°C or higher (26, 27) .
In contrast, "physiologic" vasoconstriction was observed during treatment in which the increase in CT is prevented, such as during cool isothermic dialysis, hemofiltration, or isolated ultrafiltration (7, 26, 28) . In the study presented here, ST decreased during cool and isothermic dialysis, in contrast to thermoneutral treatments, which is an additional argument for skin vasoconstriction during the first treatments.
Given the relationship between the increase in CT during HD and cutaneous vasodilation, it would appear rational just to prevent this increase (isothermic treatment) to obtain a physiologic vascular response (13) . However, the hemodynamic findings of this study suggest an additional hemodynamic benefit of a slight lowering of CT during dialysis. A possible explanation for this phenomenon is an increased mobilization of venous blood volume from the cutaneous blood vessels in response to body cooling, leading to an increase in venous return and better preservation of CBV. The tendency for CBV to (11) 74 (13) 74 (15) 72 (11) 71 (12) 72 (12) 75 (11) 73 (13) 74 ( a "Cooling" is hemodialysis under core temperature control conditions (i.e., decline in core temperature of 0.5°C versus baseline). "Thermoneutral" is hemodialysis under energy-neutral conditions (i.e., no change in energy flow). "Start" is at the start of dialysis, "Mid" is halfway through dialysis, and "End" is at the end of dialysis. SBP, systolic blood pressure in mmHg; DBP, diastolic blood pressure in mmHg; HR, heart rate in beats per minute; CO, cardiac output in liters per minute; CBV, central blood volume in liters; LF/HF, sympatho-vagal balance.
b P Ͻ 0.05, end versus start of dialysis. Figure 2 . Systolic BP (SBP) at various points during HD. "SBP start" is SBP at the start of dialysis, "SBP lowest" is lowest SBP during the treatment, and "SBP end" is SBP at the end of dialysis.
remain higher during cooling might support this hypothesis, although statistical significance was not reached. CBV assessed by the saline dilution technique appears to be a relatively sensitive indicator for intradialytic hemodynamic changes due to thermal effects, because two studies have shown significant differences in CBV between cool and standard dialysis sessions (21, 29) .
To the best of our knowledge, our study is the first that has assessed heart rate variability in relation to thermal factors during dialysis. However, no significant differences in the heart rate variability spectrum were observed between the different treatments, although SD were observed. Previous studies have shown an increase in the LF/HF during stable dialysis treatments, whereas the HF component increased during treatments complicated by IDH (30, 31) . However, although the absence of differences in the heart rate variability response does not support a role for differences in the sympathetic tone as an explanation for the hemodynamic findings of this study, it should be stated that various authors have questioned the reliability of the LF/HF ratio as a synonym for sympatho-vagal balance (32) .
Apart from the relatively small number of subjects, limitations of the study presented here are the observed relatively small hemodynamic differences between treatments. We therefore believe that it is by far too early to advocate body CT lowering during dialysis instead of isothermic treatments, especially because shivering complicated some cooling patients' treatments. Our study should be primarily interpreted in relation to its pathophysiological findings and should not serve as an argument to change the dialysis prescription in clinical practice. A minor drawback in the performance of the study is that a decline of only 0.3°C was reached by the BTM instead of the prescribed decline of 0.5°C in CT during cooling. This is likely because we did not allow a decrease in T d below 35°C to prevent untoward symptoms and because dialysis time was relatively short in some of the patients. However, no relation was observed between the duration of the study and changes in CT during cooling. It is unlikely that this had a major effect on the assessment of findings, because differences in CT and energy transfer were significantly different between the three treatments. In agreement with others (33), we used the nadir SBP and not the incidence of IDH as the primary endpoint, because the sample size would have to be greatly increased if IDH had been chosen. Interestingly, the timing of the lowest recorded BP in our study does not appear to differ from some other studies in the literature; for example, in the study by Barnas et al., the timing of hypotension was 147 Ϯ 29 min in patients treated for 240 min, therefore not basically different from the study presented here (31) . These authors showed different trends for BP decline during dialysis; i.e., a gradual lowering of BP, with the lowest BP near the end of dialysis, and a more sudden drop of BP that generally occurs in the second part of the dialysis session because of a (paradoxical) reduction in sympathetic activity, but not necessarily at the end. The number of sessions included in our study, as well as the limited number of episodes of IDH, did not allow us to distinguish between these different BP trends with sufficient certainty.
Indeed, this study was not able to assess differences in IDH between treatments. However, our major aim was to study the pathophysiological response between different treatments, and not the effects on IDH per se. A somewhat confusing finding is the lack of a significant difference in BP response between isothermic and thermoneutral, which is in contrast to previous observations (34) . This is possibly also due to the small number of included patients. On the other hand, in agreement with expectations, the drop in CBV was the most pronounced during thermoneutral. Indeed, BP changes during dialysis are a resultant of various hemodynamic changes, whereas temperature changes basically only affect venous tone and systemic vascular resistance.
In the study presented here, we did not perform measurements on dialysis adequacy; however, a recent meta-analysis showed that cooling of the dialysate does not have adverse effects on dialysis adequacy (14) .
In conclusion, intradialytic hemodynamic stability appears to be improved when a slight reduction in CT is prescribed compared with the isothermic approach, which may be related to increased venoconstriction leading to improved maintenance of CBV. However, the potential beneficial effects of mild blood cooling on hemodynamic stability should be balanced against a potentially higher risk of mild discomfort because of cold.
